Cathode performance is generally considered the bottleneck of further increasing energy in Li-ion battery technology. Novel Li-rich disordered rock salts have a lithium storage capacity much higher than those of the current cathodes, making them attractive as next-generation materials. The path to commercialization, however, is hindered by the lack of fundamental understanding in a material's properties and behavior. Here, we show how structural defects can be used to influence Li diffusion and kinetic properties, providing critical insights needed for the design and optimization of these new materials. single crystals transforming through a second-order reaction and reveal the dominating effect of local chemistry on Li diffusion within the percolated network. By using advanced 2D and 3D nanoscale X-ray spectro-microscopy on well-formed crystal samples, our study visualizes the mesoscale chemical distribution as a function of the state of charge at the subparticle level. We further reveal the presence of thermodynamically favorable short-range ordering of Nb-cation-only (Nb 6 ) and Nb-cation-enriched (MnNb 5 ) configurations, which promote non-equilibrium diffusion pathways and the expansive chemical heterogeneity observed on Li x Nb 0.3 Mn 0.4 O 2 particles. The present study utilizes large single crystals to eliminate the influence of kinetic factors such as particle-size distribution, crystal facet, grain boundary, and strain, allowing us to clearly demonstrate the strong correlation between a material's structural defects and chemical propagation and its crucial impact on electrode performance and stability.
INTRODUCTION
Recently, lithium (Li)-excess transition-metal (TM) oxides have attracted intense interest because of their ability in utilizing both TM cation and oxygen anion redox reactions to deliver very high capacity. [1] [2] [3] [4] [5] [6] One class of such materials is the disordered rock-salt oxides. Through density function theory (DFT) calculations, the oxides were shown to have facile Li mobility because of the existence of a percolated Li-conduction network in the structure. 7 In 2015, Yabuuchi et al. reported a new
Li-excess disordered oxide cathode, Li 1.3 Nb 0.3 Mn 0.4 O 2 (LNMO), which delivered an impressive discharge capacity of ca. 300 mAh/g at 60 C. 8 The oxide was found to have a rock-salt crystal structure with all cations randomly located at the 4a sites and all M-O (M = Li, Nb, and Mn) bonds having the same distance of $2.096 Å . Our recent studies focusing on bulk structural analysis of Li x Nb 0.3 Mn 0.4 O 2 (0 % x % 1.3) revealed a two-phase reaction involving oxygen redox in 0 < x < 0.9 and a singlephase reaction involving Mn 3+ /Mn 4+ cation redox in 0.9 < x < 1.3. 9 Considering the similarity, it is expected that Li-ion diffusion pathways in LNMO resemble that of the percolated Li 1.25Àx Mn 0.5 Nb 0.25 O 2 (x = 0, 0.75, and 1) system recently calculated by Lee et al. 10 With the technological significance of disordered rock-salt oxides as promising cathode materials for high-energy Li-ion batteries (LIBs), it is imperative to gather experimental understanding on how Li ions diffuse within the percolated network as well
The Bigger Picture
A new class of disordered rocksalt oxides is capable of delivering energy density much higher than those of current lithium (Li)-ion battery cathodes. Theoretical calculation predicted facile Li diffusion enabled by the formation of percolating network in the Li-excess oxides; however, fundamental knowledge regarding how Li diffuses within the network and what affects this process is lacking. Here, we provide experimental evidence of Li-diffusion pathways at multiple length scales and report the dominating effect of local chemistry on Li mobility. We reveal that the existence of local cation ordering redirects Li movement through nonequilibrium pathways and leads to the unusual persistent chemical heterogeneity observed at the subparticle level. The strong correlation between structural defects and the propagation of chemical reaction is clearly demonstrated, providing essential insights needed for further design and development of these cathode materials.
as the detailed solid-state phase transformation mechanism. For materials transforming though a second-order phase transition or solid-solution reactions, the voltage driving force is expected to lead to chemical homogeneity after sample relaxation, at least at the primary particle level. In real systems, however, some kinetic factors could play dominant roles in the process. As a result, successful imaging of electrode materials with high spatial resolution and chemical sensitivity to directly visualize the coupling of kinetic factors and phase transformation, along with the associated mechanical damage or fracture that could significantly affect the material's performance and stability, is of fundamental and practical importance. Fullfield transmission X-ray microscopy combined with X-ray absorption near-edge structure (FF-TXM-XANES) was recently introduced for this purpose and has been broadly used as a novel approach to visualizing electrochemically driven solid-state phase transformation. [11] [12] [13] [14] The high brightness and the energy tunability of synchro- In an in situ cell with a charging rate of 0.2 C, they observed the existence of Li-poor and Li-rich domains separated by boundaries with a chemical gradient. 20 As they increased the C rate, such gradient boundaries were found to migrate, causing increased heterogeneity. Gent et al. studied the chemical distribution on secondary particles of Ni-rich Li nickel manganese cobalt oxides (NMCs) at various states of charge (SOCs). Domains with a large deviation in Li content (x G 0.09, where x is the average SOC of the sample) were observed even after extensive relaxation of the electrochemical cell ($170 hr). 21 They hypothesized that the presence of micro-strain, resulting from the anisotropic expansion and contraction of the layered structure, may have led to the alteration on Li chemical potential and, consequently, local SOC heterogeneity. 21 In addition, morphology evolution upon long-term cycling was monitored by the TXM evaluation of complex structural changes in NMC secondary particles. 22 Here, we report the observation of chemical heterogeneity on well-formed and partially delithiated Li x Nb 0.3 Mn 0.4 O 2 large crystals. Both 2D and 3D TXM imaging was performed on Li x Nb 0.3 Mn 0.4 O 2 at three SOCs: x = 1.3, 1.1, and 0.5. We prepared the particles by a chemical delithiation method to ensure uniform reaction conditions and then recovered them after full relaxation (they were stored for more than 1 month) for the ex situ measurements. We examined the local Li-ion diffusion network by using selected area electron diffraction (SAED), DFT calculation, and bond valence sum (BVS) mismatch mapping. The calculation on various supercells with a size of 2 3 2 3 2 and 3 3 3 3 3 revealed the existence of short-range cation ordering and its impact on Li-diffusion pathways. Our study provides a thorough understanding on the relationship between the local chemistry and Li transport properties in disordered rock-salt oxides, enabling future design of better-performing cathode materials.
RESULTS AND DISCUSSION
We recently reported the synthesis of phase-pure Li 1.3 Nb 0.3 Mn 0.4 O 2 cathode material by using a molten-salt method. 9 Discrete single crystals with uniform spherical shape and a narrow size distribution centered at $5 mm were obtained, as shown in Figure 1A . The lack of the typical faceted appearance on the particles suggests that all crystal facets have similar thermodynamic stability and grow at a similar rate under Compared with the electrochemical method, the main advantage of the chemical reaction is that large particles can be used directly without prior milling, therefore preserving particle morphology for imaging studies at the subparticle level. Furthermore, because all particles in the sample are exposed to the oxidizing agent in a homogeneous environment, a more uniform reaction can be expected to lead to higher fidelity in sample analysis on the basis of a limited number of individual particles. The elimination of carbon additive and polyvinylidene fluoride binder used in the conventional composite electrodes further simplifies the post-mortem analysis. As previously reported, detailed structural analysis using synchrotron X-ray and neutron diffraction techniques revealed two regions in Li x Nb 0.3 Mn 0.4 O 2 structural transformation: a single-phase region (0.9 < x < 1.3) involving Mn 3+ /Mn 4+ cation redox and a two-phase region (0 < x < 0.9) involving oxygen oxidation. To further understand the mechanism of the solid-state redox reactions, we resorted to particle-level hard X-ray spectro-imaging by using transmission X-ray microscopy coupled with X-ray absorption near-edge structure spectroscopy. The technique allows nanoscale visualization of TM chemical distribution as a function of the SOC. The capability of full-field imaging in a large (tens of micrometers) FOV also allows multiple particles to be examined in the same measurement. The current study focuses on the SOC region where Mn is redox active. This is because the Mn K-edge is within the optimal energy window where the Fresnel zone plate has good efficiency. Detailed studies using other techniques for the O redox active region will be presented in a future report. Figure 2C , a range of colors spanning from blue to green was observed on all particles in the FOV, suggesting a wide distribution in Mn-oxidation state between 3+ and 4+. A common feature observed on the investigated particles is a surface layer with higher Mn edge energy signaled by the green-yellow color, which typically has a thickness of ca. 100-200 nm (Figure 2C ). This is a clear indication that Li extraction began on the particle surface and the oxidation front moved toward the core as the reaction progressed. The appearance of green color with yellow domains distributed within the shell suggests that Mn 4+ is the dominating species but that some Mn 3+ species also exist. On the other hand, expansive color variation was observed in the core region. Five particles, referred to as P1-P5, were selected for further study of the distribution of domains with similar edge energy and the chemical gradient among them. For P1-P3, domains enriched in Mn 3+ cations (blue) were observed adjacent to the green-colored shell mainly containing Mn 4+ cations, whereas for P4 and P5 non-uniformity in the core region was less dramatic and only a small gradient in edge energy was seen.
Further statistical analysis on the probability distribution of Mn K-edge energy over the entire particle of P1-P5 revealed that P1-P3 were enriched in Mn 3+ cations, whereas P4 and P5 contained a nearly equal amount of Mn 3+ and Mn 4+ species (Figure 2D ). The results also suggest that P4 and P5 were somewhat more oxidized (higher SOC) than P1-P3.
We performed further analysis to obtain the depth profile of Mn K-edge energy distribution on two representative particles, P1 and P5 ( Figure 3A) . Because of the slight 4+ , as shown in D) could be a result of both sample heterogeneity and limited signal-to-noise ratio in the spectro-microscopy data. Scale bars, 1 mm (A and B) and 2 mm (C).
variation in particle size, we normalized the radius (r) of both particles to 1 and used the relative surface to center distance of 0-1. For P1, an abrupt change in edge energy was observed, revealing a large chemical gradient from a Mn 4+ enriched shell (r = 0) to the subsurface (r = 0.2) where Mn 3+ cations dominate. Little change was observed from the subsurface (r = 0.2) to the center of the particle (r = 1). For P5, on the other hand, the change in Mn K-edge energy from the shell (r = 0) to deep into the core (at r = 0.8) was nearly continuous, suggesting a small chemical gradient in this region. No significant changes were observed in the region from r = 0.8 to r = 1 (center of the particle). The distance for transitioning from Mn 4+ to Mn 3+ species is nearly 4-fold shorter in the P1 particle than in P5.
The consequence of a large chemical gradient buildup is significant. In electrode materials transforming through a solid-solution reaction (e.g., layered LiMO 2 4 layered MO 2 + Li + + e À ), Li-ion movement is often driven by this gradient. The phenomenon, in fact, can be used as the basis to reveal Li-ion diffusion pathways in partially transformed particles. An algorithm was developed here to identify the optimal chemical gradient in each pixel, assuming no influence from kinetic factors and that Li ions are able to move spontaneously between neighboring pixels as long as a difference in optimal chemical potential (in this case Mn valence state) exists within a reasonable range (defined as within 6 eV/mm here), which is determined by analyzing the relative probability distribution of the chemical gradient shown in Figure S1 . This methodology was further extended to progressively follow Li movement pixel by pixel and map out the global percolation network within the studied particle (see Figure S2 for details of the approach). Figures 3B and 3C show the results obtained on P1 and P5, respectively. The black lines follow the Li-ion diffusion pathway, and the arrows point to the direction of such movement. In this case, the direction corresponds to the gradient of Mn-oxidation state from low to high. It is clear that Li-ion movement in P1 and P5 are distinctively different. In P1, it initializes from the most Mn 3+ -rich subsurface region near the top of the particle, propagates gradually through the core of the particle, and then moves toward the bottom surface, avoiding the geometrically optimal pathway of moving toward the top surface of the particle. In P5, on the other hand, Li ions were driven entirely from the Mn 3+ -rich core region toward the shell region. Because the latter scenario is expected in a typical core-shell type reaction, our results show that large chemical gradients between the domains with dominating Mn 3+ and Mn 4+ species could act as a physical barrier for Li transport. The drastic change in Mn-oxidation state over such a short distance ($100 nm) in the area near the top edge of P1 prevented Li ions in the blue subsurface region from diffusing upward through the top surface, which represents the geometrically optimal pathway. This could have led to the overall lower SOC in the P1 particle than in P5, as shown in Figure 2D .
Because 2D transmission measurements lack the depth resolution, we then performed nano-tomography to illustrate the chemical heterogeneity in 3D. As shown in Figures  4A and 4B , the 3D renderings revealed a large but thin region enriched with Mn 4+ species (green-yellow color) adjacent to a blue-colored region dominated by Mn 3+ species, further confirming the existence of chemical heterogeneity at the subparticle level. Consistent with the observation from 2D maps, the chemical gradient varied significantly, such that it showed a sharp change in Mn-oxidation state similar to the P1 scenario in the top particle and a relatively smooth transformation similar to the P5 scenario in the bottom particle ( Figure 4C ). The use of the depth-resolved 3D technique further confirmed the lack of uniform coverage of the Mn 4+ -rich domains on the particle surface, even though the sample was prepared by chemical delithiation that completely submerged all the particles in the same oxidant medium.
Microscopic Origin of Non-equilibrium Li-Diffusion Pathways
Our previous structural analysis using synchrotron X-ray diffraction (XRD) and neutron patterns showed that redox reaction in 3) supports the existence of significant driving force in minimizing Mn chemical gradient within a single grain. Therefore, the non-uniform initiation and progression of the redox reaction and the presence of such a large chemical gradient at a short length scale evidenced by both 2D and 3D nano-tomography studies reveal the existence of non-equilibrium Li-diffusion pathways in the disordered oxide cathode, which warrants careful investigation of possible origins.
Some particle-level chemical heterogeneity was previously reported on materials transforming through a single-phase redox reaction. 15 The non-equilibrium states were typically caused by a variety of kinetic factors, such as particle size, crystal facet, grain boundary, strain, and reaction rate. For example, it was reported that anisotropic expansion in the layered LiMO 2 led to accumulation of large micro-strain that alters the chemical potential of the entire system and results in non-homogeneous chemical distribution. 20, 21 In our case, the 3D Li-ion percolation network in the rock-salt structure is isotropic in nature. As the sample was made in spherical single crystals, the effects of particle size and surface facet are also negligible. Our previous studies determined a total volume change of merely 0.2% when x was reduced from 1.3 to 0.9, which suggests that mechanical strain in Li In this method, diffraction peak broadening due to size and strain effects are deconvoluted on the basis of their individual dependence on the Bragg angles (q), namely that the size contribution is proportional to cos q, and the strain is proportional to tan q. 23 If we assume that the size and strain factors contribute equally to peak broadening, a simple equation can be written as
where b tot , b e , b L , C, 3, q, K, l, and L are total, size, strain boarding effects, strain proportional constant, full width at half maximum (FWHM) of diffraction peak, Bragg angle, size proportional constant, wavelength, and FWHM of diffraction peak, respectively. When b tot cosq = C 3sinq + Kl/L is plotted, the slope can be used for quantifying the amount of strain in the investigated sample. For Figure 6 shows a selected area electron diffraction pattern in [110] zone axis, which was taken over an area covering an entire Li 1.3 Nb 0.3 Mn 0.4 O 2 single particle. The fundamental reflections of the pattern correspond to the cubic NaCl structure with a lattice parameter of a = 4.2 Å , confirming the single-crystal nature of the particle. A notable feature in Figure 6 is the diffuse scattering effect that is characteristic of materials with short-range ordering. 24 Similar patterns have been reported on non-stoichiometric TM carbides and nitrides, which nominally have a rock-salt structure as well. 25 The existence of such short-range ordering was also evidenced by the powder X-ray diffraction (PXRD) patterns collected on Li x Nb 0.3 Mn 0.4 O 2 (x = 1.3, 1.1, and 0.5) with the X-ray diffractometer equipped with a Cu K a source. The appearance of the broad peak between 20 and 25 (2q) clearly supports local structural variation and short-range ordering in the crystal samples ( Figure S4 ).
Because Li 1.3 Nb 0.3 Mn 0.4 O 2 has four atomic components, which results in a large number of possible configurations, accurately defining the ordering in the oxide was found to be much more difficult than that in the binary systems. To this end, we used DFT calculation to evaluate the relative energies of different cation-clustering schemes in the oxide. Considering that only one type of ion can occupy in the space where their occurrence is directly propositional to the stoichiometry, we created two different sizes of supercells to provide various degrees of randomness for the cations: 91 supercells with a size of 2 3 2 3 2 (Fm3m; a = $8.4 Å ) and 70 supercells with a size of 3 3 3 3 3 (Fm3m; a = $12.6 Å ). We calculated and ranked the enthalpy of all configurations to find the most stable representative supercells. Before the calculation, the valence states for Li, Mn, and Nb ions were assigned as +1, +3, and +5, respectively. We used the soft BVS parameters to accommodate the cations and anions with different softness. Individual cations (Li + , Nb 5+ , and Mn 3+ ) were located at specific crystallographic sites with random distribution according to a special quasi-random structure (SQS) approach. The occurrence of the cations was solely based on the chemical formula. The relative energies of four types of ordering schemes were calculated as follows: (1) 
, where S ij , R ij , and R are the bond valence, bond valence parameter, and bond length, respectively. The sum of all bond valences in the first shell should be equal to the oxidation state of the ion. For mobile ions, its bond distance with the anionic host should deviate only slightly from their ideal value in order to maintain the whole system at low energy. In addition, the mobile ions should have zero or minimum shared sites with other immobile ions in the compound. Such a calculated low BVS mismatch map can be used to reveal the contour ionic conduction pathway in the crystal structure. (yellow color) were found. These surfaces represent conduction pathways where Li ions are allowed to move through the centroid of the empty tetrahedral sites (8c sites), although not all tetrahedral sites are available for Li diffusion. Because of the strong electrostatic repulsion between Li + and Mn 3+ /Nb 5+ ions, no low-energy pathways were found through the MnO 6 and NbO 6 octahedra. In some areas where cation clustering or segregation occurs, the continuous Li percolation network is disrupted and domains with low Li diffusivity are created, as evidenced by the disappearance of the yellow contour surfaces in these regions in Figure 7 . Overall, the clustering of MO 6 (M = Mn and Nb) octahedra in (100) projection in the random configuration (Figure 7A ) produced a more uniformly distributed conduction network for Li ions than did Nb ordering ( Figure 7D ) and mixed Mn-Nb ordering ( Figure 7G the particles. The study further reveals that in smaller-sized particles (i.e., <200 nm), the chemical gradient can be insignificant, and the impact of non-equilibrium Li diffusion in disordered oxide cathodes can be minimized.
Conclusions
Solid-state reaction mechanism and Li-diffusion pathways in a disordered rock salt, crystals transforming through a second-order redox reaction, even after an extensive relaxation period. We propose that the local cation ordering redirects Li movement through non-equilibrium pathways, which results in the chemical heterogeneity evidenced by the 2D and 3D maps of Mn's valence state. By using large single crystals free of influence from kinetic factors such as particle size, crystal facet, grain boundary, strain, and reaction rate, the study elucidates the strong correlation between structural defects and the propagation of chemical reaction and demonstrates how local chemistry can have a dominating effect on the behavior of this new class of high-capacity cathode materials. The results further provide insights into design strategies for materials with enhanced performance and stability. 
EXPERIMENTAL PROCEDURES

Characterization
The chemical composition of the synthesized samples was determined by an inductively coupled plasma optical emission spectrometer (ICP-OES 720 Series). Scanning electron microscopy images were collected in a field emission microscope (JEOL JSM-7500F) at a 10-kV accelerating voltage. To reduce the charging effect, especially for the partially delithiated samples, we sputtered the powder with a thin top layer of Au before the study. We prepared samples for transmission electron microscopy (TEM) experiments by drop casting a sonicated solution of the crystals in anhydrous ethanol onto a carbon-coated TEM grid or by sectioning with a focused ion beam. Selected-area electron diffraction was performed in TEM mode at 300 kV on the sectioned sample, and high-angle annular dark-field imaging was performed on dispersed particles in scanning TEM mode at 120 kV, both with an FEI Titan electron microscope.
The crystallinity and phase purity of the samples were analyzed by laboratory XRD collected on a Bruker D2 powder X-ray diffractometer (Cu K a , 40 kV and 30 mA). Synchrotron XRD patterns were collected at ambient temperature at 11-BM at the Advanced Photon Source (APS) in Argonne National Laboratory, which operates with a monochromatic X-ray of l = 0.414 Å . The scans were collected between 0.5 and 50 (2q) at a step size of 0.0001 . The samples were first packed into Kapton capillary tubes before being exposed to X-ray for 1 hr. Time-of-flight neutron diffraction data were collected at the POWGEN diffractometer at the Spallation Neutron Source of the Oak Ridge National Laboratory. Samples were measured inside the vanadium sample cans, and a single bank wave with center wavelengths of 1.333 Å (2 hr data collection) was used. Monochromatic (1.2 Å ) neutron diffraction data were obtained in the High-Resolution Powder Diffractometer at BT1 of the National Institute of Standards and Technology (NIST) Center for Neutron Research. For WilliamsonHall analysis, the instrumental boarding as a function of 2q was determined by analysis of the synchrotron PXRD patterns of an NIST LaB 6 standard.
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DFT calculations were performed with the Vienna Ab Initio Simulation Package. 30, 31 The projector augmented wave method was used to describe the electron-ion interaction. 32 The electron exchange-correlation functional was treated by generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof. 33 The SQS approach, proposed by Zunger et al., was adopted to build the 2 3 2 3 2 supercells containing 64 atoms and 3 3 3 3 3 supercells containing 216 atoms, respectively.
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The supercells have the sodium-chloride-type face-centered cubic structure, such that Li, Nb, and Mn randomly occupy Na sites and O occupies Cl sites. For the 3 3 3 3 3 supercell, Brillouin zone integration was calculated with gamma point only. The cutoff energy of 550 eV was used in the calculations. The volumes of all the structures were optimized by keeping the position of the atoms and the shape of the lattice unchanged. The relaxation convergence for ions and electrons were 1 3 10
À4
and 1 3 10 À5 eV, respectively. In addition, 2 3 2 3 2 (40 in total) and 3 3 3 3 3
(40 in total) supercells with the following cation ordering schemes were evaluated for possible short-range ordering in the structure: (1) Mn cation ordering, (2) Nb cation ordering, (3) mixed Mn-Nb cation ordering with Mn cation enrichment, and (4) mixed Mn-Nb cation ordering with Nb cation enrichment. BVS maps for the supercells were calculated with the 3DBVSMAPPER package. 35 Mn K-edge hard X-ray absorption spectroscopy data were collected in transmission mode at beamlines 2-2 and 2-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) of the SLAC National Accelerator Laboratory; both were equipped with a Si(220) monochromator. The powder samples were sandwiched between two Kapton films for data collection. Higher harmonics in the X-ray beam were rejected by detuning the monochromator by 50% at the Mn edge. Energy calibration was accomplished by the first inflection point at 6,539 eV in the spectra of Mn metal foil reference. XANES data were analyzed with Sam's Interface for XAS Package or SIXPACK software; the photoelectron energy origin E 0 was determined by the first inflection point of the absorption edge jump. X-ray spectroscopic imaging of the crystals was carried out with the transmission X-ray microscope installed at beamline 6-2c at SSRL, which has a nominal spatial of $30 nm. Details on the experimental configuration and the concept of the TXM-based spectroscopic imaging method can be found elsewhere. 13, 36 During the spectroscopic scan, images at more than 100 energy points were collected. Whereas the energy step in the region away from the near edge was set to 15 eV to ensure coverage of a relatively large window needed for normalization, the energy step near the edge region was set to 1 eV to ensure sufficient energy resolution. Data analysis was performed with an in-housedeveloped software package known as TXM-Wizard. 37 
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